Medicinal and industrial properties of phytochemicals (e.g. glycyrrhizin) from the root of Glycyrrhiza uralensis (licorice plant) made it an attractive, multimillion-dollar trade item. Bioengineering is one of the solutions to overcome such high market demand and to protect plants from extinction. Unfortunately, limited genomic information on medicinal plants restricts their research and thus biosynthetic mechanisms of many important phytochemicals are still poorly understood. In this work we utilized the de novo (no reference genome sequence available) assembly of Illumina RNA-Seq data to study the transcriptome of the licorice plant. Our analysis is based on sequencing results of libraries constructed from samples belonging to different tissues (root and leaf) and collected in different seasons and from two distinct strains (low and high glycyrrhizin producers). We provide functional annotations and the expression profile of 43,882 assembled unigenes, which are suitable for various further studies. Here, we searched for G. uralensis-specific enzymes involved in isoflavonoid biosynthesis as well as elucidated putative cytochrome P450 enzymes and putative vacuolar saponin transporters involved in glycyrrhizin production in the licorice root. To disseminate the data and the analysis results, we constructed a publicly available G. uralensis database. This work will contribute to a better understanding of the biosynthetic pathways of secondary metabolites in licorice plants, and possibly in other medicinal plants, and will provide an important resource to further advance transcriptomic studies in legumes.
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Since many medicinal plants are non-model organisms, mechanisms of phytochemical biosynthesis and other related aspects are poorly understood or even completely unknown. Currently, however, next-generation sequencing (NGS) technologies (Metzker 2010) are being used to study a variety of medicinal plants (Tang et al. 2011 , Schliesky et al. 2012 . These methods are characterized by high-throughput parallel sequencing of millions of reads at once on a base-scale resolution and at comparably low cost. RNA-Seq, also referred to as whole transcriptome shotgun sequencing (Wang et al. 2009 ), is a revolutionary NGS tool used in transcriptomics and is based on cDNA library sequencing. The preparation of sequencing libraries and details of sequencing technologies (sequencing chemistry, read lengths, analysis time) differ across platforms (Illumina/Illumina, Inc., SOLID/Life Technologies, 454/Life Sciences), but overall they are similar in that they all generate millions of short nucleotide reads. The reads are then assembled to reconstruct fulllength transcripts by either mapping them to an existing reference genome, e.g. Cufflinks (Trapnell et al. 2010) , or, if no reference genome sequence is available, in a de novo manner, e.g. SOAP (Li et al. 2008) . The information obtained from transcript sequences and from their relative abundances can be further used to study important aspects of gene structure, function and regulation, including gene fusions, non-coding RNAs or differentially expressed (DE) genes. Such studies can help to improve existing gene models and annotations (Li et al. 2011) and are especially useful when the transcriptome is not yet well characterized.
Although G. uralensis is an important medicinal plant, its genome has yet to be sequenced and ultra high-throughput RNA-Seq transcriptome analysis has so far not been reported. In fact, current gene annotation is based on expressed sequence tag (EST) studies , Li et al. 2010 , which provide important yet partial information about genes of non-model organisms. In this work we study the transcriptome landscape of G. uralensis and present the results of its assembly, functional annotation, expression profile and some targeted analysis, as described below.
Based on the functional annotation analysis results, we elucidated the enzymes involved in the production of isoflavonoids. This pathway has been extensively studied in other legume plants (see Shimada et al. 2007 ), but thorough studies in G. uralensis have not been carried out. There are, however, reports of newly discovered isoflavonoids and coumarins of the plant (Gafner et al. 2011 ) and of its promising medical applications, including an asthma treatment (Yang et al. 2012) .
Among the variety of triterpenoid saponins present in the root of Chinese licorice (Kitagawa 2002) , the glycyrrhizin biosynthetic pathway has been of particular interest and many functional enzymes, such as uridine 5 0 -diphosphoglucuronosyltransferases or members of the cytochrome P450 superfamily (CYPs), have been identified (Seki et al. 2008 , Li et al. 2010 , Seki et al. 2011 . Deep transcriptome analysis can, however, further expand the spectrum of putative enzymes involved in the pathway. From our data we were able to discover a large number of genes annotated as 'UDP glucosyl/glucoronosyl transferase' (321 genes) and 'cytochrome P450' (261 genes). Many of these enzymes are possibly novel. In this work we further studied putative CYPs involved in the glycyrrhizin production pathway by comparing their expression profiles with the expression profiles of other genes known to be active in the pathway. We also searched for transporter systems in G. uralensis, so to identify vacuolar transporters that might be involved in glycyrrhizin biosynthesis. Using the Transporter Classification Data Base (TCDB) (www.tcdb.org) of >600 protein families, we identified 2,611 of such systems in our data. We further analyzed the expression profile of 65 unigenes annotated as ATP-binding cassette (ABC) transporters (Higgins 1992 ) and predicted to be possibly vacuolar. To the best of our knowledge, such studies have not been previously reported in licorice plants.
All data and derived analysis results are disseminated in a G. uralensis database we created. The resource is publicly available and can be accessed through the Internet (http://ngs-dataarchive.psc.riken.jp/Gur/index.pl). Nucleotide fastq sequences of clean Illumina reads were deposited in the DDBJ Sequence Read Archive (Kodama et al. 2010 ) under accession No. DRA000958.
Results
Plant RNA extraction and library preparation Our experiment was originally designed to elucidate specific aspects pertaining to the biosynthesis of glycyrrhizin in the licorice root. It is known that in Glycyrrhiza glabra, another licorice plant closely related to G. uralensis, glycyrrhizin is seasonally produced (Hayashi et al. 1998 , Hayashi et al. 2004 in the underground parts of the plant. Its production is high in early summer and low in August, when many leaves are shed due to high temperatures and humidity, as well as in winter, when the aerial parts are dormant. Also (as reported by Hayashi et al. 2005) , the production of glycyrrhizin in G. uralensis is strain specific and can be as low as $1% of the dry weight of the stolon of a low-producing strain (87-458) and as high as $5% of the dry weight of the stolon of a high-producing strain (88-308).
For our study, we extracted RNA from (i) the root of the glycyrrhizin high-producing strain 308-19, a progeny of the high-producing strain 88-308, harvested in June (summer) and (ii) in December (winter); (iii) the root of the glycyrrhizin low-producing strain 87-458, harvested in June; and (iv) the leaf of the glycyrrhizin high-producing strain 308-19, harvested in June. Next, four distinct cDNA libraries were made: BG_TR_1060_001 (root of glycyrrhizin-high producing strain harvested in summer), BG_TR_1060_002 (root of glycyrrhizin high-producing strain harvested in winter), BG_TR_1060_003 (root of glycyrrhizin low-producing strain harvested in summer) and BG_TR_1060_004 (leaf of glycyrrhizin high-producing strain harvested in summer). These are referred to as BG_TR_1060_001 (Library 1; root-Sum-high), BG_TR_1060_ 002 (Library 2; root-Win-high), BG_TR_1060_003 (Library 3; root-Sum-low) and BG_TR_1060_004 (Library 4; leaf-Sumhigh) and are color coded in selected figures as red, blue, yellow and green, respectively. The study overview is shown in Fig. 1 .
Sequencing and transcriptome assembly
All libraries were sequenced on the Illumina HiSeq 2000 platform (Minoche et al. 2011) . Empty reads, low-quality reads and reads containing unknown bases were removed from raw reads (109.4 million reads). Resulting 'clean reads' (102.9 million reads) were further assembled with SOAP de novo assembly software into a unique set of non-redundant unigenes (43,882), used in the further analysis, with an average length of 896 bp and an N50 unigene size (Miller et al. 2010 ) of 1,356 bp.
The study workflow is shown in Fig. 1 . A summary of the G. uralensis transcriptome sequencing and assembly and its comparison to G. uralensis ESTs derived from 454 sequencing and GenBank and their assembly as described by Li et al. (2010) is given in Table 1 . A sequencing summary for each library is given in Supplementary Table S1 .
Protein functional annotations and CDS predictions
Functional annotation based on sequence homology is usually the first step in studying the role and biological functions of gene products. We used the basic local alignment search tool (BLAST) (Altschul et al. 1990) for scanning protein or nucleotide query sequences against various databases of known subject sequences to identify homology-based similarities. All unigene nucleotide sequences were searched with blastx against protein databases [nr, Swiss-Prot, Kyoto Encyclopedia of Genes and Genomes (KEGG)] and with blastn against a nucleotide database (nt). This analysis assigned significant matches to 36,186 unigenes.
Protein coding sequences (CDS) (32,840) were extracted from unigene sequences based on blastx analysis results against the protein databases. Additional CDS (1,017) were predicted with ESTScan (Iseli et al. 1999 ) from the sequences that had not been significantly matched to the protein databases. All CDS were then translated from the nucleotide alphabet into amino acid sequences based on the standard codon table.
Protein functions can also be inferred at the level of protein domains. Pfam is a database of annotated protein families (Finn et al. 2010 ) based on multiple sequence alignments and hidden Markov model profiles of complete protein domains. Pfam-A is a subset of the Pfam database of >10,000 manually curated entries with full alignments, associated annotations, literature references and database links. To additionally classify and characterize all BLAST-annotated protein CDS, especially the 'unknown' and 'uncharacterized' sequences, we searched all CDS against the Pfam-A database. Protein domains were assigned to 26,759 previously obtained protein sequences. The search results are given in the G. uralensis database.
Protein subcellular localization(s)
Predicting protein subcellular localization is important for understanding their function. The ngLOC software (King and Guda 2007) constitutes a recently updated n-gram-based Bayesian classifier for predicting protein subcellular localizations in prokaryotes and eukaryotes. In plants, the program can predict 11 distinct locations and its overall prediction accuracy was benchmarked to be 91.4%. Using ngLOC, we predicted a total of 33,302 CDS to be localized in one or more of the 11 possible subcellular locations. The top three predictions and their probabilities are available through the G. uralensis database.
Gene Ontology classification
The properties of annotated genes can be further studied through the Gene Ontology (GO) project (Ashburner et al. 2000) . Based on nr database annotations, GO identifiers were assigned to 14,854 unigenes, which were further classified into 47 GO categories: molecular function (9), cellular component (13) and biological process (25). Interestingly, many genes were involved in 'metabolic process' (5,918) and 'catalytic activity ' (6,697) . GO classifications are shown in Table 2 and GO term annotations are provided as a part of Supplementary  Table S2. KEGG pathways assignment KEGG consists of multiple databases (Kanehisa and Goto 2000) and allows for functional annotations of gene products and their assignment to various biological pathways. Searching all unigene sequences against the KEGG database returned 18,173 significant matches. From that pool, KEGG Orthology (KO) identifiers (Supplementary Table S2 ) were assigned to 13,991 genes and further matched to 125 KEGG pathways. After the 'Primary metabolites synthesis' pathway [PATH: ko01100], matched by 3,075 unigenes, the 'Biosynthesis of secondary metabolites' pathway [PATH: ko01110] (1,594 genes) and 'Plant-pathogen interaction' pathway [PATH: ko04626] (1,305 genes) were the most represented pathways. In Supplementary Table S4 we show the number of unigenes assigned to each of the 125 KEGG pathways.
Transcriptome expression profiling and differential expression analysis
Transcriptome expression profiling provides a global picture of the cellular activity across various conditions. RNA-Seq is a powerful tool for such analysis and is characterized by high sensitivity with a dynamic expression range of over six orders of magnitude. It avoids certain caveats of widely used microarrays, such as prior assumption of analyzed transcripts, which can be especially useful for studying non-model organisms with limited understanding of potentially expressed transcripts. To analyze transcript expression levels, we first calculated (Veitch 2007) and, among other phenolic compounds, are largely abundant in licorice plants (Nomura and Fukai 1998) . Their important roles in plants include in pathogen defense or UV light protection (Dakora and Phillips 1996) , and their anticancer (Adlercreutz and Mazur 1997) and antibacterial (Gafner et al. 2011) properties as well as their applications in disease treatment (Yang et al. 2012 ) make them highly beneficial to human health. The first committed step in the flavonoid pathway is catalyzed by chalcone synthase and leads to chalcones and flavonones, which serve as precursors for the biosynthesis of isoflavonoids in legume plants. All enzymes in the pathway have been identified in other legumes (Shelton et al. 2012) , with the exception of 7,2 0 -dihydroxy-4 0 -O-methoxyisoflavanol dehydratase (DMID) (Guo et al. 1994) . From our functional annotation data, we initially identified 125 unigenes annotated as 10 out of 11 enzymes involved in the isoflavonoid synthesis pathway. The number of unigenes corresponding to each enzyme and the main enzymatic steps of the pathway are shown in Fig. 3a and the BLAST search results for these unigenes are available in Supplementary Table S5 .
To further analyze three out of eight unigenes annotated as 2-hydroxyisoflavanone dehydratase (HID) with >50% sequence identity, we used pairwise and multiple sequence alignments. HID enzymes belong to the carboxylesterase family and convert 2,7-dihydroxy-4 0 -O-methoxyisoflavanone to 2,7-dihydroxy-4 0 -O-methoxyisoflavone in the isoflavonoid pathway. It has been suggested that the His/Gly/Gly oxyanion hole and the Thr/Asp/His catalytic triad are essential carboxylesterase signatures required for the dehydratase activity (Akashi et al. 2005) . Pairwise protein sequence alignments of our HIDs with other two known HIDs, Glycine max HIDH (Gm_HIDH) and Glycyrrhiza echinata (Ge_HIDM), revealed the following sequence identities: Unigene13386_All (97% identity to Ge_HIDM), Unigene6128_All (72% identity to Gm_HIDH; 66% to Ge_HIDM), Unigene26184_All (58% identity to Ge_HIDM). Their multiple sequence alignment is shown in Fig. 3b .
Putative CYP enzymes involved in glycyrrhizin production
Terpenoids are another important type of plant secondary metabolite. In our data, 112 unigenes were assigned to the KEGG terpenoid backbone biosynthesis pathway [PATH: ko00900]. Glycyrrhizin, an important triterpenoid saponin from the underground parts of licorice plants, is synthesized via the cytosolic mevalonic acid pathway, which provides isopentenyl diphosphate for production of 2,3-oxidosqualene that is subsequently cyclized to b-amyrin by b-amyrin synthase (bAS). Such formed triterpenoid cycloskeleton further undergoes a twostep oxidation at the C-11 position and a three-step oxidation at the C-30 position followed by a glycosylation reaction at the C-3 hydroxyl group to make the final product. The majority of the oxidation processes of secondary metabolites in plants are carried out by CYP enzymes, which belong to one of the most abundant protein families in plants. Even though two CYP enzymes involved in glycyrrhizin biosynthesis have been previously identified, namely CYP88D6 (Seki et al. 2008 ) and CYP72A154 (Seki et al. 2011) , it is possible that additional CYPs might be involved in the pathway, especially in the two final oxidation steps at the C-30 position (Seki et al. 2011) .
In this work we found 261 unigenes annotated as 'cytochrome P450' (Supplementary Table S6 ) and three of them were annotated as G. uralensis CYPs. These included unigenes identified as the CYPs known to be involved in the glycyrrhizin production pathway, namely, Unigene25647_All (99% identity to G. uralensis CYP88D6) and Unigene17580_All (99% identity to G. uralensis CYP72A154). To narrow down candidate CYPs involved in this pathway, we also identified G. uralensis-specific Fig. 4 Putative CYPs involved in glycyrrhizin production in the root of the licorice plant. Hierarchical clustering analysis and corresponding heatmaps of the CYPs with known enzymes involved in the pathway (bAS, CYP88D6, CYP72A154). All putative CYPs were chosen to have the highest relative expression value in the root of glycyrrhizin high-producing strain collected in summer (library 1) and then either the lowest or the second highest relative expression value in the root of glycyrrhizin high-producing strain collected in winter (library 2). The library color code is given in Fig. 1. 704 Plant Cell Physiol. 54 (5) bAS (Unigene17658_All revealed 99% identity to both G. echinata and G. uralensis bAS). We then conducted their unsupervised hierarchical clustering analysis with bAS, CYP88D6 and CYP72A154. The results of this analysis and the corresponding heatmaps are shown in Fig. 4 .
Vacuolar transporters in biosynthesis of glycyrrhizin
Understanding transport mechanisms and the subcellular distribution of biosynthesized phytochemicals is a crucial step for the successful bioengineering of plants. Still, even in such well-studied pathways as plant flavonoid biosynthesis, the picture is unclear. However, certain types of transporter systems seem to play a crucial role in the transport of various types of phytochemicals (Zhao and Dixon 2010) and often include ABC-type transporters, MATE transporters and H + -ATPases. Here, we studied transporter systems of G. uralensis with a particular emphasis on those that are possibly involved in glycyrrhizin biosynthesis. Since triterpenoid saponins accumulate in vacuoles (Mylona et al. 2008 ) and many of the involved biosynthesis enzymes are microsomal (Kurosawa et al. 2002) , it suggests the existence of vacuolar transporters of saponins. To date, one plant ABC-type transporter (NpPDR) has been reported (Jasinski 2001) to be involved in secretion of an antifungal diterpenoid in tobacco. However, no triterpenoid transporter has been identified in plants. Here, we studied ABC-type transporters as one of the candidate transport systems possibly involved. They make up one of the largest and most ancient protein families found in all living organisms (Henikoff 1997) . In plants only, they have >100 members. Their mechanism of action is driven by ATP hydrolysis to act as both exporters and importers. ABC transporters are localized in most plant cell membranes and perform multiple functions (Kang et al. 2011) related to detoxification, organ growth, development, pathogen resistance and the interaction with the environment.
To identify G. uralensis ABC transporters, we first searched our unigene sequences against >6,000 protein sequences included in TCDB, a publicly available curated database (www.tcdb.org) of proteins classified into >600 transporter families relying on factual information from >10,000 published references. We found 2,611 matches, which were further classified into five main and two additional transporter system categories and the unigenes were annotated according to the Transporter Classification (TC) system. The results of the categorical classification of our transporters are shown in Fig. 5a . To facilitate further studies of transporter systems, we provide all TC annotation as a part of Supplementary Table S7 and the TC IDs included in the G. uralensis database are now linked to the TCDB database. According to the TC annotation system, 182 transporter unigenes belong to the ABC superfamily (TC#3.A.1). Cross-referencing these data with predicted unigene subcellular localizations and with the expression data, we found that 65 actively transcribed (FPKM > 0) ABC Fig. 1 . Magnified  Fig. 5b is attached as Supplementary Fig. S1 . transporters were classified as possibly vacuolar. We then used unsupervised hierarchical clustering analysis to profile the expression of the putative transporters with bAS, CYP88D6 and CYP72A154 enzymes involved in glycyrrhizin production. The results of the analysis and the corresponding heatmaps are shown in Fig. 5b (magnified in Supplementary Fig. S1 ).
Database utility
We created a G. uralensis publicly available database (http:// ngs-data-archive.psc.riken.jp/Gur/index.pl). The resource contains fasta sequences (transcript assembly cDNA sequences, CDS), annotation data (BLAST search results against nr, Swiss-Prot, KEGG and nt databases, GO terms and Pfam domain assignments), expression analysis results (FPKM values, DE analysis results) and other data (predicted protein subcellular localizations, TC identifiers). It furthermore allows for BLAST similarity searches against various protein and nucleotide databases.
Discussion
This work is the first application of the high-throughput RNASeq method to functionally annotate and quantify the expression levels of the transcriptome of the non-model plant system G. uralensis, which provides its most thorough description to date. The de novo assembly of $102.9 million RNA-Seq reads resulted in 43,882 plant unigenes with an average unigene length of 896 bp and an N50 unigene size of 1,365 bp. Both the quantity and quality of our unigenes are improved as compared with the previous G. uralensis transcriptome assembly (Li et al. 2010) , which used ESTs and resulted in 27,229 unigenes with an average unigene length of 454 bp and an N50 contig size of 816 bp. BLAST search results against major public databases (nr, Swiss-Prot, KEGG, nt) functionally annotated 36,186 unigenes, which almost doubled the number of functionally annotated unigenes (20, 437) in the study of Li et al. (2010) .
Based on the CDS predictions, the majority of our 33,857 unigenes (77.5%) belong to protein-coding genes. This number is lower than the predicted number of protein-coding genes (46, 430) in the genome of the model legume plant G. max (Schmutz et al. 2010) . The difference is likely to be attributed to the fact that the estimate of the coding genes in our analysis comes from transcriptome sequencing of only leaf and root samples, and not from the complete genome sequence as for G. max. From the entire pool of coding genes, $4,000 genes were unannotated, 'uncharacterized' or had 'unknown' function; thus, they are potentially licorice-specific proteins. Additional remaining unannotated transcripts might be noncoding RNAs or fragments of longer RNAs (UTRs, introns).
Further study of the gene product functions with GO analysis revealed that licorice plant genes are involved in many biological processes (25) and many genes were classified as 'metabolic process' (5,918) and 'catalytic activity' (6,697), which, in turn, suggests a large diversity of enzymes involved in various syntheses of secondary metabolites. This is, somewhat, supported by KEGG analysis that identified 'Biosynthesis of secondary metabolites' and 'Plant-pathogen interaction' pathways to be the second and third most represented pathways, with a total number of 1,594 (11.4%) and 1,305 (9.5%) genes mapped to it, respectively. From all 43,882 transcripts, 42,025 ($96%) were expressed at FPKM > 0 in at least one library, showing that they were actively transcribed. From that pool, 33,276 ($75%) of transcripts were expressed in each library. DE analysis across all pairwise library comparisons showed that many transcripts (22-48%) had significantly altered expression. As expected from the morphological differences between the leaf and the root, the expression profile of the leaf-Sum-high library based on the 706 ubiquitous DE genes is most distinct from the other three libraries and the two roots harvested in the same season (summer) have the most similar transcriptome expression profile, besides coming from different strains. Many of the highly expressed genes were housekeeping genes (e.g. transcription factors, transporter genes), tissue-characteristic genes involved in root-or leaf-specific functions and uncharacterized genes with unknown function. Several of the uncharacterized genes were highly expressed among the 706 ubiquitous DE genes. This might suggest a potential for novel future research in licorice plants.
The 'Biosynthesis of secondary metabolites' and 'Plantpathogen interaction' pathways, with 1,594 (11.4%) and 1,305 (9.3%) genes, respectively, were very well represented KEGG pathways. These pathways were also among seven enriched pathways for each pairwise comparison out of 49 enriched pathways in at least one pairwise comparison. The findings suggest that the production of phytochemicals involved in plant defense responses is organ and season specific. Understanding such specificity is an important aspect in optimizing the biosynthesis of medicinally relevant phytochemicals.
In our analysis of the isoflavonoid biosynthesis pathway, we found 125 putative enzymes that accounted for all but the DMID enzyme. Since the DMID sequence is not known, sequence similarity search strategies for functional annotation would not be applicable here. It would be interesting to revisit this analysis when the sequence of DMID has been identified. Additional sequence analysis of the three unigenes annotated as HIDs with >50% identity revealed that all of them had the oxyanion hole His/Gly/Gly (H/G/G) that is required for HID activity. The catalytic triad Thr/Asp/His (T/D/H)-another crucial active element-was present intact in the Unigene6128_All whereas in Unigene26184_All Thr was substituted with a Ser (S), which is also a hydrophilic amino acid and is likely to lead to a similar catalytic activity. The revealed 97% protein sequence identity between Unigene13386_All and Ge_HIDM suggests that this is the G. uralensis-specific HID. The much lower identity of Unigene26184_All (58% identity to Ge_HIDM) and partially altered sequence of the catalytic triad implies that this gene encodes a different carboxylesterase. Interestingly, Unigene6128_All has the exact catalytic triad and a fairly high 72% identity to Gm_HIDH and 66% identity to Ge_HIDM. It was initially speculated that there is only one gene encoding HID in legume plants (Akashi et al. 2005 , Shimada et al. 2007 ); however, more recent work (Shelton et al. 2012) has shown that there might be more than one HID enzyme involved in the isoflavonoid production pathway in Lotus japonicus. Certainly, it would be interesting to verify if Unigene6128_All has HID-specific activity and codes for the second G. uralensisspecific HID.
The 261 identified putative CYPs greatly expand the number of known G. uralensis CYPs (125) reported by (Li et al. 2010) . Even though there have been more CYPs identified in other legume plants, namely 332 soybean CYPs (Guttikonda et al. 2010) and 313 putative CYPs of L. japonicus (Sato et al. 2008) , our finding seems in line with expectations, as our transcriptome analysis is likely not to identify all coding genes of the plant. Importantly, the CYPs identified here that cluster most closely with other enzymes (bAS, CYP88D6, CYP72A154) known to be active in glycyrrhizin biosynthesis could possibly be involved in the second and the third oxidation steps at C-30 position (as described in Seki et al. 2011) .
Searching all unigene sequences against TCDB, we identified 2,611 transport systems that were classified mainly into the first three out of five main transporter categories: 'Channels/Pores' (770), 'Electrochemical Potential-driven Transporters' (767) and 'Primary Active Transporters ' (707) . A large number of sequences (206) were assigned to the 'Incompletely Characterized Transport Systems' category, which suggests that there are many transport systems of unknown function in G. uralensis. Importantly, long-sought putative transporters of saponins might be in the group of 65 transcriptionally active ABC-type transporters that were classified as vacuolar.
The utility of the publicly available web-based G. uralensis database (http://ngs-data-archive.psc.riken.jp/Gur/index.pl) will facilitate access to the analysis results as described in the Results section. This will help further transcriptomic and functional genomic-related research of licorice plants and other legumes.
In summary, the de novo transcriptome assembly of highthroughput RNA-Seq data is currently the most efficient method to obtain transcript sequences of non-model organisms. Analysis derived from transcriptome functional annotations and from its expression data can address many biologically important questions. Disseminating the data through a publicly available database provides a base for other studies and can help to advance the transcriptome research of a given and related species.
Materials and Methods

Plant materials
Plant materials were cultivated in polyvinyl chloride pipes (essentially as described by Ozaki et al. 2007 Supplementary  Table S8 . Both leaves and roots were cut into small pieces, frozen in liquid nitrogen and then stored at À80 C prior to RNA extraction.
RNA extraction and cDNA library preparation Total RNA was extracted from the three roots using Plant RNA Isolation Reagent (Invitrogen) and from the leaf with cetyltrimethylammonium bromide-containing extraction buffer; the procedure was carried out essentially as described in (Chang et al. 1993 ). The extracted RNA was treated with RNase-free DNase (TaKaRa, Otsu, Shiga, Japan) and further purified using an RNeasy Plant Mini Kit (QIAGEN, Tokyo, Japan) according to the manufacturer's specifications. The RNA quality assessment was evaluated on the Agilent Bioanalyzer 2100 (Agilent Technologies, Palo Alto, CA, USA).
To create cDNA sequencing libraries, first, beads with oligo(dT) were used to isolate poly(A) mRNA from the total collected RNA. Fragmentation buffer was then added to shear mRNA into short fragments. These short fragments served as templates and a random hexamer primer was used to synthesize the first strand of cDNA. Double-stranded cDNA was synthesized using buffers, dNTPs, RNaseH and DNA polymerase I. Short fragments were then purified with the QIAQuick PCR Purification Kit (QIAGEN), end-repaired, adenylated and connected with sequencing adapters. Finally, suitable fragment templates were selected with agarose gel electrophoresis for PCR amplification to construct the sequencing library. The average cDNA fragment length was 200 bp.
Illumina sequencing and transcriptome assembly
Pair-end sequencing of 90 bp was done on the Illumina HiSeq 2000 platform. The machine image output was transformed by base calling to the fastq format and a total of 109.4 million raw reads were obtained. Quality control reads removed linker sequences, empty reads, reads with >5% of unknown bases and reads of low quality (Q < 20). The remaining 102.9 million 'clean reads' were used for transcriptome assembly with SOAP de novo assembly software. Separately for each library, the reads were, first, combined to make assembly contigs (the longest assembled sequences containing no Ns). Then, the reads were mapped back to contigs and, with the aid of pairend information, the contigs that belonged to the same transcript were detected. Next, scaffolds were made by connecting contigs from the same transcript and by filling up the gaps between them with Ns. Similarly, using pair-end reads and filling the gaps with Ns, scaffolds were linked to unigenes (the longest sequences that could not be further extended on either end). Unigenes from all libraries were finally a unique set of non-redundant unigenes (43,882).
Annotation pipeline
A homology search was done with NCBI blastx against protein databases (nr, Swiss-Prot, KEGG) and with NCBI blastn against a nucleotide database (nt). Up to 20 significant matches (E-value <10E-5) were considered. The prediction of CDS was based on the information extracted from the blastx search against the nr, Swiss-Prot, KEGG and protein databases (the search was ordered, i.e. unigene sequences with a match in a former database were not further considered). The training set for ESTScan (Iseli et al. 1999 ) used for additional CDS predictions was based on the BLAST information. A Pfam-A database search of all CDS was conducted with hmmscan (Eddy 1998) and the E-value <1 was used. GO annotations were obtained based on the nr database annotations using Blast2GO software (Conesa et al. 2005) and then WEGO (Ye et al. 2006 ) software was used to obtain GO functional classifications. Predictions of protein subcellular localizations were made with a standalone version of ngLOC-1.0, a Bayesian program for predicting protein subcellular localization (King and Guda 2007) available as ngLOC_v1.0.zip at (http://ngloc.unmc.edu/download.html). The program was run with default parameters and the 8,132 plant protein fasta sequences (pln_tag_unq.fa), provided with the distribution, were used as the training set.
Transcript abundance and expression-based analysis
The FPKM formula used to calculate unigene expression was as follows:
where C is the number of reads that uniquely aligned to a given unigene, N is the total number of reads that uniquely aligned to all unigenes and L is the number of nucleotide bases in the CDS of a given unigene. Differential expression analysis was done for six independent pairwise comparisons and assumed that transcript expression values closely follow the Poison distribution across all libraries (Audic and Claverie 1997) . The false discovery rate (FDR) was used to correct for the multiple testing. A unigene was classified as DE for FDR < 0.05 and jlog 2 FCj > 1, where FC is the ratio of FPKM values of a given unigene in the two compared libraries.
KEGG pathway enrichment was based on the hypergeometric test to find significantly enriched KO terms in the list of KEGG DE genes as compared with the all KEGG unigenes background. To account for multiple testing, the Q-value (FDR analog of the P-value) was calculated with the Bonferroni correction. Pathways with Q-value 0.05 were regarded as significantly enriched in DE genes.
Phytochemical biosynthesis and related aspects
The CYPs and isoflavonoid pathway-related enzymes were search against the annotation data, which consisted of the combined BLAST analysis results from nt/Swiss-Prot/KEGG/nt and Pfam databases using custom-developed Linux shell scripts. Hierarchical clustering analysis and the corresponding heatmaps of candidate CYPs were conducted using R statistical software (R Development Core Team 2012) using hclust function of the internal 'graphics' package and the heatmap.2 function of the 'gplots' package (http://CRAN.R-project.org/ package=gplots).
The NCBI blastp algorithm was used to search all unigenes against a fasta file of 6,099 transporter gene sequences (http:// www.tcdb.org/seqfile/tcdb). The IDs corresponding to the top match (with E-value <10E-20 and a minimum sequence identity >25%) were scanned against internal files (http://www. tcdb.org/public/tcdb.dr) to classify the genes into one of the TC system categories.
Supplementary data
Supplementary Data are available at PCP online. 
